Spirulina platensis is an alkalophilic cyanobacterium, exhibiting optimal growth at pH 9.0 to 10.0. It grows well at pH 11.5 but not at pH 7.0. Unlike many other photosynthetic microorganisms, it is capable of utilizing ammonia 3 even at high pH values, and is resistant to the ammoniamediated uncoupling of photosynthesis. The entry of ammonia into the cells is zlpH-dependent, and is limited by a relatively high average internal pH. This high pH value appears to be maintained predominantly by a high intrathylakoid pH.
The cyanobacterium Spirulina platensis is capable of utilizing ammonia as a sole source of nitrogen even at pH 10 and above (Boussiba 1989) , in contrast to the general notion that at high pH values ammonia is toxic to photosynthesis (Abeliovich and Azov 1979) . Moreover, when both nitrate and ammonia are present in the growth medium, the latter is used preferentially (Boussiba 1989) . At high pH values, NH 3 is expected to enter the cells rapidly, to uncouple photosynthesis (Schuldiner et al. 1972 ) and in some cases even to cause cell death. For example, 2 mM ammonia at a pH>8.1 was found to be inhibitory to photosynthesis in sewage-oxidation ponds (Abeliovich and Azov 1979) ; similar concentrations also drastically inhibited growth of several algal and cyanobacterial species (Boussiba, unpublished data) .
It has been suggested that at pH 10, the entry of ammonia into Spirulina cells is primarily driven by the pH gradient CdpH) (Boussiba 1989) . It seemed, therefore, to be of interest to investigate further the relationship between the toxicity of ammonia to S. platensis, the entry of ammonia into the cells and the internal pH of this organism.
Abbreviations:
MSX, methionine sulfoximine; GS, glutamine-sy nthetase. 3 The term ammonia as used in this article refers both to the protonated and the non-protonated forms of this compound, while NH3 and NH/ (or ammonium ions) are used where one of the forms is meant specifically.
Materials and Methods
Spirulina platensis (strain LB1475/a, obtained from the Cambridge Culture Collection, Cambridge, U.K.) was grown as previously described (Boussiba and Richmond 1980) , in 500-ml, 3-cm-diameter, glass columns, in Zarouk's medium (Zarouk 1966) , which contained NaNO 3 (29.4 mM) as a nitrogen source. Aeration was provided by means of a filtered stream of air (4 liter min~') that contained \.5% (v/v) CO 2 . Under these conditions, the pH was maintained between 8.9 and 9:1; For some of the experiments, the cyanobacterium was grown in 100-ml batches with shaking, without aeration, in the same medium. Solutions of Tricine, phosphate and carbonate (each at 100 mM) were used for maintainance of a constant pH. When necessary, the pH was adjusted twice a day with concentrated HC1 (see Results). Anabaena sp. was grown in BGn medium, in the absence of nitrate, as described elsewhere (Boussiba 1988) .
Measurement of the uptake of ammonia-Aliquots (15 ml) of growth medium at the required pH were agitated gently in a shaking water bath in the dark at 35°C. After equilibration of the temperature, NH 4 C1 was added to a final concentration of 280 /JM. Over a period of a few minutes, samples were withdrawn for determination of ammonia (Solorzano 1969) to ascertain the rate of escape of ammonia from the medium. Under all the conditions of the present experiment, this rate was insignificant. A con-centrated suspension of washed cells in fresh growth medium was then added with a pipette, and after a rapid mixing the same pipette was used for withdrawal of the first sample, which was immediately filtered through a Whatman GF/C filter (25 mm in diameter). Subsequent samples were collected at short intervals, filtered similarly, and the ammonia in each filtrate was immediately determined. It is assumed that the amount of ammonia that disappeared from the medium reflected cellular uptake. Previously reported data (Boussiba 1989) confirmed that unspecific binding does not play a role in such uptake. Analysis of blank samples (without the addition of cells), identically treated, indicated that no ammonia was removed from the medium in the absence of cells.
Assay of the evolution of oxygen-Cells were washed and resuspended in fresh growth medium at pH 10, to a density of 2.5 fig chlorophyll a ml"
1 . Rates of light-dependent evolution of oxygen were determined at 30° C with a Clark-type oxygen electrode (Yellow Springs Instruments Co., Yellow Springs, OH, U.S.A.), at a light intensity (at the outer surface of the electrode cell) of 700 /iE m~2 s"
1 . Determination of internal pH values-Internal pH values were determined in the dark as previously described (Belkin et al. 1987, Belkin and Packer 1988) , using a Varian E-109 electron spin resonance spectrometer. The neutral spin probe used was 3-carbamoyl proxyl (Aldrich Chemical Co. Inc., Milwaukee, WI, U.S.A.) at a concentration of 0.5 DIM. The acid and base probes were T-517 (2,2,5,5-tetramethylpyrrolidin-l-oxyl-3-carboxylic acid) and A-519 (3-amino-2,2,5,5-tetramethylpyrrolidin-l-oxyl), respectively, both obtained from Molecular Probes, Inc. (Junction City, OR, U.S.A.). T-517 was used at 170 ^M and A-519 at 6 0^M . Internal pH values were calculated as described elsewhere (Belkin et al. 1987, Belkin and Packer 1988) with relative values for partial cytoplasmic and thylakoid volumes assumed to be 0.9 and 0.1, respectively (Peschek et al. 1985) . The relationship between compartmental pH values and average cellular pH (pH av ) was, thus, assumed to be represented by the equation (Belkin et al. 1987, Belkin and Packer 1988) 
Hl "-l-0.9-lO""""**, where pH lhy and pH,^ represent the intrathylakoid and cytoplasmic pH values, respectively. Intracellular water volume, calculated from the distribution ratio of the neutral spin probe (Belkin et al. 1987, Belkin and Packer 1988) , was approximately 3.5/ilmg" 1 protein. Chlorophyll a and protein were determined by the methods of Mackinney (1941) and Lowry et al. (1951) , respectively.
Results

pH dependence of growth of S. platensis-S.platensis
is a typical alkalophilic organism (Krulwich and Guffanti 1989) , as was apparent from the dependence of its growth rate on pH (Fig. 1) . Optimal growth was observed at pH 9 to 10, and there was minimal growth at pH 7.0. At pH 11.5, a growth rate equivalent to 80% of the maximum was maintained. Anabaena sp., which served as a neutrophilic control in some of the experiments reported here, grew optimally at pH 7.0 (Fig. 1) .
Inhibition by ammonia of the evolution of oxygenSince growth of S. platensis was apparently unaffected by ammonia (Boussiba 1989) , the inhibitory effects of this compound on the photosynthetic evolution of oxygen were examined. The results (Fig. 2) clearly indicate that S.platensis is indeed highly resistant to ammonia. At a concentration of 3 HIM ammonia at pH 10.0, the evolution of O 2 was inhibited only by 20%. At 20 RIM, nearly 40% of the maximum activity was still observed. These values did not change after 3 h in the presence of ammonia (not shown). In a strain of Anabaena, included here for comparison, 60% inhibition was observed in the presence of 3 mM ammonia, and 90% in the presence of 5 mM.
Uptake of ammonia and external pH-lt has been reported previously (Boussiba 1989 ) that the entry of ammonia into S. platensis at an external pH of 10.0 consists of In cases where adjustments of the pH were necessary, an average pH is presented and the range of the pH values is indicated by the error bars. Maximal specific growth rates for Spirulina were 0.075 and 0.034 h" 1 for column and flask cultures, respectively, and 0.068 h" 1 for Anabaena.
two distinct phases: a) an initial rapid phase, accomplished within seconds after the introduction of ammonia, insensitive to MSX, an inhibitor of GS; b) a subsequent MSX-sensitive slow phase, lasting over 20min. It has been suggested that the initial entry is driven by the pH gradient: ammonia, being a weak base, accumulates intracellularly in response to the lower internal pH (Schuldiner et al. 1972 . The subsequent slow phase of entry may be driven by the GS-mediated enzymatic assimilation of ammonium ions into glutamine. According to this interpretation, external pH is the main factor that determines the internal concentration of ammonia. In the experiments described below, the effect of pH on the entry of ammonia into the cells was determined by following the disappearance of ammonia from the medium. In Figure 3 , results of a typical experiment designed to follow the entry of ammonia into the cells are shown. Immediately after the addition of cells at time zero, the concentration of ammonia in the medium drops rapidly until, after approximately 30 seconds, the slow phase is clearly apparent. The amount of ammonia disappearing from the medium upon the introduction of the cells (the data from 15-s time points were used in these calculations) was proportional to the concentration of cells, with no evidence of saturation even at 1.8 mg protein ml" 1 (not shown). The ratio of the amount of ammonia taken up to the concentration of protein remained constant, around 70 to 80 nmol ammonia mg" 1 protein. Figure 4 shows the dependence on external pH, at a constant cell density, of the uptake of ammonia. Above pH 8.0, the uptake of ammonia increased with increasing pH.
The parameter that should directly influence the internal accumulation of ammonium is not the external pH but rather the ApH-the pH gradient between the intracellular matrix and the external environment. In order to quantitate this value, the pH values inside S. platensis cells were determined by ESR spin-probe spectroscopy. As previously described (Belkin et al. 1987, Belkin and Packer 1988) , by use of a combination of weak acid, weak base (amine) and neutral nitroxide spin probes, both the cytoplasmic ( p H^ and thylakoid (pH, hy ) pH values can be calculated. The data for S. platensis are presented in Figure 5 , together with a calculated average intracellular value (pH av ). At the range of external pH values (pH om ) tested, pH av was relatively stable, changing from 6.8 (at pH,,,,, of 7.0) to 7.9 (at pH ou , of 11.2). At the same time, pH,^ increased from 7.2 to 8.5, while pH, hy changed from 6.0 to 7.0. The relationship between J p H and the rapid-phase of the uptake of ammonia is presented in Figure 6 , where Conditions were as in Fig. 3 , but the external pH values were varied (cell density was 0.9 mg protein ml" 1 ). Uptake is given in fitt, which refers to the decrease in concentration of ammonia in the medium. The internal concentrations of ammonia and gradients (interior/exterior) were calculated from the data in Fig. 4 , as described in the text. zlpH values were calculated from the data in Fig. 5 .
ApH was calculated as pH av -pH out . Internal concentrations of ammonia were calculated on the assumption that all the ammonia that disappears from the medium (see Fig. 4 ) is concentrated intracellularly. It appears that ammonia did indeed accumulate in response to the pH gra- The assay conditions are described in Materials and Methods, A, pH thy ; i , pH av ; dient. Only at a ApH greater than 3 units, corresponding to pH out >11.0, was a deviation from linearity observed.
Discussion
Accumulation of ammonia by living cells is highly dependent on pH. This dependence is due to two separate phenomena, both of which accelerate ammonia import at high environmental pH: (1). Only unprotonated ammonia (NH 3 ) is capable of diffusing across the cell membrane (Schuldiner et al. 1972 . The higher the pH, the higher is the concentration of this uncharged species (pKa of NH 4 + is 9.25); (2) At high external pH, the proton gradient is increased. As a weak base, ammonia responds to this gradient by diffusing into the more acidic intracellular matrix. The combination of these two factors, therefore, turns ammonia-often an essential nutrient at neutral pH values-into an uncoupler of photosynthesis under alkaline conditions (Schuldiner et al. 1972 , Rottenberg 1979 , Gaensslen and McCarty 1971 . Nevertheless, as shown in this study, S. platensis was capable of photosynthesis at pH 10.0 in the presence of high concentrations of ammonia. In an attempt to explain this phenomenon, we have separately measured the dependence on pH of two parameters: the uptake of ammonia from the medium and the internal pH values.
If pH is the main determinant in the rapid phase of the uptake of ammonia, it is expected that this activity would be constant for each cell at a given external pH, but would increase with any increase in this parameter. The data presented in Figure 4 (Fig. 6) , a clear correlation was evident.
Internal concentrations of ammonia generated as described above are very significant. As can be derived from the data in Figure 4 , at an external pH of 10.0 ( J p H = 2.6), the internal concentration of ammonia was nearly 300-fold more than that in the medium. Even at the relatively low levels of ammonia used in our experiments (280 iiu, which fell by 74//M as a result of uptake at pH 0Ut of 10.0), internal concentrations of ammonia were calculated to be around 37 mil. In the thylakoids, where ammonium ions would tend to accumulate as a result of the lower pH of that compartment, the concentration of ammonia would be much higher. Nevertheless, the proton gradients appeared to be maintained, and this stability may be the reason that explains the ability of S. platensis to evolve O 2 at high pH values in the presence of ammonia.
One of the possible mechanisms by which ammonia toxicity in S. platensis may be prevented, at least as compared to the case in other cyanobacteria, is the maintenance of higher internal pH values. From the data in Table 1 , it can be seen that, compared to two other cyanobacteria for which the internal pH at a pH 0Ut of 10.0 has been measured, the values of all 3 parameters (pHjy,, pH lhy and pH av ) are higher in S. platensis. While NH 3 enters the cells down the pH gradient, moving first into the cytoplasmic compartment and then into the thylakoid space, the resulting intracellular concentration of ammonia is governed by the pH of both compartments, corrected for their respective functional volumes. It is, thus, in response to pH av that the ammonia gradient is established (see Fig. 6 ); the value of pH is 1.2 and 1.1 units higher in S. platensis than in Anacystis nidulans and Agmenellum quadruplicatum, respectively. It should be noted that this " It is assumed that the relative volumes of the cytoplasm and thylakoids are 0.9 and 0.1, respectively. * Peschek et al. 1985 . c Belkin, unpublished. difference in pH av is due almost solely to the difference in pH thy since p H^, being much higher than pH, hy , does not contribute significantly to pH av . It is suggested that, even though, high internal concentrations of ammonia are created in Spirulina platensis, they are possibly restricted to acceptable, nonuncoupling levels by a relatively high internal pH. It is further suggested that this restriction is achieved for the most part by the maintenance of a high pH in the intrathylakoid space.
